ABSTRACT
N
euromyelitis optica (NMO) is a severe inflammatory demyelinating disorder of the CNS that is distinct from multiple sclerosis. Once considered to be a monophasic illness defined by the co-occurrence of acute bilateral visual loss and longitudinally extensive myelitis, 1 NMO is now recognized as a predominantly relapsing condition in which these index events may be separated by years and, in some cases, decades. 2 The past 10 years have seen dramatic advances in the understanding of NMO pathogenesis, heralded by the discovery of the "NMO-Immunoglobulin G" antibody in the serum of approximately 70% of patients with the condition 3 and the subsequent identification of the target antigen, aquaporin 4 (AQP4), 4 a cell membrane water channel concentrated on astrocyte foot processes at the glial limiting membrane surrounding blood vessels and in association with the pia mater.
In keeping with the notion that NMO is an "autoimmune astrocytopathy" and in contradistinction to MS, biopsy studies of evolving lesions show fragmentation and loss of astrocytes that precede demyelination 5 and the immunopathologic signature of granulocyte infiltration with perivascular immunoglobulin and complement deposition. 6 The identification of AQP4 antibodies in patients with only a single index event, in some patients with relapsing optic neuropathy, 7 and in patients with more recently recognized patterns of cerebral disease 8 predicts progression to NMO [9] [10] [11] and has led to the introduction of the term "NMO spectrum disorder. " However, false-positive AQP4 antibody results have been reported in patients with definite MS, and the classification and pathogenesis of clinical and radiologic syndromes consistent with classic relapsing NMO, but without serum AQP4 antibodies, remain uncertain. Current diagnostic criteria (Table 1) still mandate the occurrence of both optic neuritis and myelitis and at least 2 of 3 supportive criteria, including longitudinally extensive spinal cord lesion (LESCL), seropositivity for immunoglobulin G antibodies that bind AQP4 on astrocytes, and brain MR imaging nondiagnostic for MS. 12 While the presence of LESCLs is the radiologic signature of NMO, the spectrum of MR imaging changes associated with the condition has been significantly expanded by the recognition of an array of characteristic brain lesion patterns 8 and the introduction of multiparametric and advanced MR imaging techniques in the assessment of the disease. Neuroimaging has an increasingly important role in both the diagnosis and management of this potentially devastating condition. First, timely differentiation of NMO from MS is critical and the motivator for this review: Early and aggressive immunosuppression is required to prevent or reduce potentially severe disability in NMO, whereas the application of MS-specific therapies can exacerbate the disease 13, 14 or even precipitate severe atypical relapses. 5, 15 Second, serial imaging has an important role in disease monitoring and informs understanding of the temporal aspects of NMO pathophysiology. Third, routine imaging surveillance is necessary to monitor for complications of immunosuppressive therapy. In this review, we summarize state-of-the-art conventional and nonconventional MR imaging in NMO and its place in the clinical management and research of the disease.
CONVENTIONAL SPINE MR IMAGING

Typical Spinal Cord Imaging Features
The presence of LESCLs (Ն3 vertebral segments) that preferentially involve spinal central gray matter is characteristic of NMO. 12, 16 LESCLs in NMO are T2 hyperintense and frequently T1 hypointense. They may acutely expand the cord and patchily enhance throughout their length (Fig 1A-C) . T1 hypointensity [16] [17] [18] and cord atrophy (Fig 1D) 19 are prominent findings in established NMO, reflecting the severity of tissue injury and a propensity for recurrent bouts of inflammatory activity to occur in old lesions. In such cases, we have observed short segments of gadolinium enhancement within pre-existing T2 LESCLs during acute spinal relapse (Fig 1A, -B) . Additionally, short-segment T2-hyperintense lesions are described in NMO 20 and should not necessarily deter one from the diagnosis, particularly in the presence of other typical neuroimaging findings. While cord pathology in NMO is traditionally associated with a severe clinical phenotype, including the need for ventilatory support in association with high cervical lesions, excellent clinical and radiologic recovery may be seen in some patients. This observation implicates reversible vasogenic edema, a phenomenon described in cerebral NMO lesions 8 and attributed to transient functional impairment of water transport mediated by AQP4 antibodies, 21, 22 in the pathogenesis of some NMO cord syndromes.
Differential Diagnosis of the LESCL
Although a confluence of multiple short-segment MS lesions may occasionally mimic the MR imaging features of spinal NMO, contiguous T2 hyperintensity of central gray matter over many segments is rarely observed in MS. 12, 16 Differentiation of spinal NMO and other immune-mediated myelitides, such as those associated with Sjögren disease or systemic lupus erythematosus, is more difficult; long cord lesions with a severe clinical phenotype are well-described in the context of systemic autoimmunity (Table 2). 23, 24 However, autoantibodies directed to antigens other than AQP4 are often also detectable in NMO sera, 25, 26 and a proportion of patients have clinical features of systemic autoimmunity. Of 8 patients with Sjögren syndrome-associated myelopathy identified by Kim et al, 27 7 met the diagnostic criteria for NMO, and AQP4 antibodies were present in 4/5 patients whose serum was available for testing. It is, therefore, likely that many of the Sjögren syndrome-associated myelopathy cases described before the advent of AQP4 antibody testing had coexistent NMO. Other inflammatory disorders that should be considered in patients with LESCLs include neurosarcoidosis and postinfectious myelitis; while surface enhancement due to meningeal involvement is more common in these conditions, they may be indistinguishable from spinal NMO on radiologic grounds. While rare, paraneoplastic myelitis merits consideration in patients with an isolated LESCL, and testing for serum antibodies to onconeural antigens, including collapsing response mediator protein 5, amphiphysin, or glutamic acid decarboxylase, is advisable in such cases. 28 Infective and metabolic myelitides are rarely confused with NMO on clinical grounds and are beyond the scope of this review. Of the noninflammatory causes of LESCL, spinal dural arteriovenous fistula is perhaps the most important treatable differential diagnosis.
CONVENTIONAL OPTIC NERVE MR IMAGING
Long-segment involvement of the optic nerve associated with acute swelling and enhancement (Fig 2A, -B ), particularly when bilateral or extending posteriorly into the optic chiasm ( Fig 2C,  -D) , should raise the suspicion of NMO in the appropriate clinical context.
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CONVENTIONAL BRAIN MR IMAGING
Cerebral involvement in NMO has traditionally been considered exceptional; indeed, lack of brain involvement was one of the major supportive diagnostic criteria published by Wingerchuk et al in 1999. 2 However, in 2006, the same group observed brain abnormalities, predominantly asymptomatic, in up to 60% of a cohort of patients with clinically defined NMO. 32 A series of independent reports has subsequently expanded on these findings and defined a spectrum of brain lesion types in up to 93% of patients with NMO and AQP4 antibody-positive NMO spectrum disorder. 8, 9, 19, 30, 33, 34 While "typical " NMO lesions (Fig 3) mirror the distribution of AQP4, 35 ,36 a number of less specific brain MR imaging changes are increasingly recognized. 8 Individual brain lesions in NMO have a variable appearance but are often of heterogeneous signal intensity with blurred margins. 34 The mechanisms and extent of injury also vary from lesion to lesion. Reflecting the now well-described pathology of NMO, 5,37 extensive cavitation may follow bouts of brain inflammation and result in permanent and severe cognitive dysfunction ( Fig 4E, -F) . Conversely, astrocyte destruction is an unlikely pathologic substrate for clinically silent and evanescent hemispheric lesions observed in some patients with NMO.
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MR Imaging Lesion Distribution
Nonspecific punctate or small (Ͻ3 mm) lesions in the deep or, less commonly, subcortical white matter are frequent 8 A number of relatively specific lesion types are helpful in the radiologic diagnosis of NMO: 1) Typical lesions, which follow the distribution of AQP4, are found in the periependymal regions surrounding the third ventricle, cerebral aqueduct, and fourth ventricle (Fig 3) . 35, 36, 38, 41 Lesions within the thalamus and hypothalamus are usually of this type and may be extensive. 36, 42 While often asymptomatic, hypothalamic lesions have been described in patients with NMO with the syndrome of inappropriate antidiuretic hormone secretion 43 ; narcolepsy 44 ; behavioral change 42 ; and hypothermia, hypotension, hypersomnia, and obesity. 45 Dorsal brain stem lesions adjacent to the fourth ventricle, which may be contiguous with cervical spinal cord lesions, can result in a variety of bulbar symptoms, among which intractable hiccups, nausea, and vomiting are relatively specific for NMO and attributable to involvement of the area postrema and the nucleus tractus solitarius. Additionally, linear medullary lesions have been reported in 48% of Chinese patients with NMO and discriminated NMO from MS with a high predictive value. 46 2) Periependymal/periventricular and corpus callosum lesions situated in proximity to the lateral ventricles are common to both MS and NMO. However, the radially oriented, well-demarcated perivenular lesions (Dawson fingers) that characterize MS are absent in most (but not all) cases of NMO; rather, NMO lesions tend to extend along the walls of the lateral ventricles in close association with the ependymal lining (Fig 4) . Extension into the white matter of the hemispheres may form large, confluent lesions. Multiple, edematous lesions with heterogeneous signal intensity (higher in the rim and lower in the core of the lesions) in the body of the corpus callosum ("marbled pattern"), 47 and diffuse involvement and swelling of the splenium may be notable in the acute phase of the disease (Fig 5A-C) . Such lesions may diminish in size and intensity or even disappear on follow-up imaging 47 ; however, chronic cystic changes have been described in the genu and splenium of corpus callosum, 34 and we documented severe atrophy of the callosum at 2.5-year follow-up in 1 case ( Fig  5D) .
3) Large, confluent, and heterogeneous lesions occur in the cerebral hemispheric white matter in some cases of NMO (Fig  5E) , possibly with a predilection for patients from the Far East and Africa and among children. 48 These lesions do not exert mass effect 9 and often vanish following steroid therapy or, in some cases, spontaneously. The pathology of these lesions, which may be contiguous with periependymal lesions or have a "spilled ink" appearance along white matter tracts, 8 is uncertain, though nondestructive intramyelinic edema has been described in some pathologic studies. 21 The evanescent nature and presence of facilitated diffusion (Fig 5F) 49 within lesions also implicates vasogenic edema, potentially due to a reversible or limited astrocytopathy, as the underlying pathology. 21, 22, 50 Hemispheric lesions may be clinically silent or result in focal neurologic deficits. 4) Unilateral or bilateral, longitudinally extensive lesions involving the corticospinal tract occur commonly in Korean patients 8, 9 and have occasionally been reported in other co- horts. 32, 51 Such lesions may be associated with severe contralateral motor deficits.
MR Imaging Enhancement Patterns
While most reported NMO brain lesions do not show gadolinium enhancement, the frequency of acute lesional enhancement is unknown. Patchy enhancement with blurred margins ("cloudlike enhancement") in cerebral lesions has been reported as relatively specific for NMO (Fig 4A) , 8, 52 and the presence of asymptomatic "pencil-thin ependymal enhancement" (similar to that observed in infectious ependymitis) may serve to further differentiate the condition from MS (Fig 4C, -D) . 53, 54 Rarely, NMO lesions exhibit a solid enhancement pattern that is indistinguishable from acute MS (Fig 4G, -H) . Incomplete ring enhancement, a common feature in larger, acute MS lesions, has not, to the authors' knowledge, been described in NMO.
ADVANCED MR IMAGING
The recent application of advanced imaging techniques to NMO, including ultra-high-field MR imaging (7T), 55 Table) .
Cortical and Deep Gray Matter Pathology
The presence of cortical lesions is almost universal in longstanding MS, and recent pathologic and imaging studies show that cortical pathology is common, even at first presentation. 66 Cortical pathology correlates better with cognitive and motor parameters than white matter T2 lesion burden in MS, 67 55 found no cortical lesions in 10 patients with NMO spectrum disorder studied with ultrahigh-field (7T) ; of 92 white matter lesions studied, only 8 were traversed by a central venule, a further distinction from MS that indicates a fundamental dichotomy in the pathogenesis of the 2 conditions. Voxel-based morphometry has been used to compare gray matter structures in NMO, MS, and healthy controls. 56, 65, 70 Duan et al 65 documented regional gray matter atrophy in the frontal cortex, temporal cortex, right inferior parietal lobule, and right insula of patients with NMO (n ϭ 26) versus controls, but these differences lost statistical significance when a family-wise error correction for multiple comparisons at the voxel level was applied. Conversely, marked atrophy of cortical and deep gray structures was present in patients with relapsing MS, and compared with NMO, significant gray matter volume loss was present in the thalami, caudate, mammillary body, parahippocampal gyrus, right hippocampus, and right insula. and volume of gray matter in the motor and visual cortices and regions associated with executive and language functions in patients with NMO (n ϭ 8) versus healthy controls (n ϭ 7) by using a similar voxel-based morphometry method (Fig 6A, -B) . MT imaging has been explored in NMO, thus far with discrepant results: Rocca et al 57 observed a reduced MT ratio in normal-appearing gray matter in 10 patients with NMO, suggesting occult gray matter damage, while Pichiecchio et al 56 observed no differences in either the cortical or deep gray matter MT ratio between patients (n ϭ 8) and healthy controls (n ϭ 7). Finally, while iron deposition in the deep gray matter structures is described in MS 71 and may contribute to disease progression, 72 Chen et al 64 found no evidence of abnormal iron deposition in the putamen, globus pallidus, caudate nucleus, thalamus, substantia nigra, red nucleus, or dentate nucleus by using quantitative 3D-enhanced susceptibilityweighted angiography in 42 patients with NMO compared with healthy controls.
In summary, nonconventional imaging data, while limited by small patient numbers and a variety of technical issues, indicate that the gray matter structures are less affected by NMO than by MS and, in particular, suggest that an absence of focal cortical lesions in NMO may differentiate the 2 conditions. In contradistinction to MS, the relative sparing of gray matter structures in NMO may explain the lack of a progressive phenotype in the condition.
Normal-Appearing White Matter
In patients with NMO and normal structural brain MR imaging findings, DTI has identified increased mean diffusivity and transverse (2,3) eigenvalues (reflecting the average diffusion coefficient perpendicular to the direction of maximal diffusivity) in the corticospinal tract and optic radiation, but not the cingulum or corpus callosum, 60 implicating axonal degeneration secondary to spinal cord and anterior optic pathway lesions. Liu et al 59 inferred
the presence of subtle, widespread pathology in NMO normalappearing white matter from an analysis of white matter connectivity matrices derived from deterministic tractography performed in 26 patients with NMO. In a more recent DTI study, Zhao et al 61 confirmed the presence of occult damage to normalappearing white matter in relapsing NMO but found that while mean diffusivity was increased in regions of interest in the optic radiation (and genu of the corpus callosum) versus controls, reduced values were observed in the internal capsule, thalamus, and medulla oblongata. Furthermore, Pichiecchio et al 56 examined
mean diffusivity histogram-derived metrics of normal-appearing white matter in NMO and healthy controls and found no significant differences, while tract-based spatial statistics in the same cohort identified lowered fractional anisotropy in the optic radiation bilaterally (Fig 6C, -D) . Quantitative structural brain assessment using SIENAX software (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/SIENA) has demonstrated a significant reduction in total white matter volume in patients with NMO (n ϭ 30), even in the absence of T2 hyperintensities, versus healthy controls (n ϭ 30). 70 Regional voxelbased morphometry analysis in the same cohort identified possible volume loss clustered in the optic radiations and corpus callosum. Finally, the metabolic pattern of normal-appearing white matter in NMO/NMO spectrum disorder, as assessed by multivoxel chemical shift imaging at 1.5T 56, 63 and 3T 62 with 1 H-MR spectroscopy, is identical to that in controls. Taken together, these studies indicate subtle and, with the possible exception of the corpus callosum, selective structural alterations in the optic and motor pathways in the brain, implicating trans-synaptic axonal degeneration secondary to destructive lesions in the optic nerves and spinal cord, respectively. The normal spectroscopy data suggest that the diffuse degenerative process that affects the white matter in MS is lacking in NMO. However, variability in the severity of the disease and the exclusion of cases with brain abnormalities may have confounded the results of these studies, and larger multiparametric studies of well-phenotyped patients are required.
Spinal Cord
Few studies have assessed the application of nonconventional MR imaging techniques to the spinal cord in NMO. Filippi et al 17 were
unable to demonstrate a difference in cervical cord MT ratio histogram metrics in clinically defined NMO (n ϭ 8) versus MS (n ϭ 10), despite cord T1 hypointensity and atrophy being restricted to the NMO cases. Two studies have used DTI in the assessment of cervical spinal cord damage in NMO. In the first, Qian et al 73 showed abnormal DTI-derived metrics (especially fractional anisotropy) in the cervical spinal cord of patients with NMO (n ϭ 10), even in the absence of signal alteration on conventional T2WI. Similarly, there was no correlation between diffusivity alterations and the number or extent of focal T2 hyperintensities in the cervical cord of patients with MS. 74 In 
CONCLUSIONS
The seminal discovery of serum AQP4 antibodies in patients with NMO has validated earlier clinical and radiologic observations that separated the condition from conventional MS. While the presence of LESCLs suggests NMO and expedites referral for appropriate serologic testing, the absence of serum AQP4 antibodies in patients with classic clinical and radiologic features and their presence in patients with a spectrum of brain lesions have recently led to a re-appraisal of current diagnostic criteria for the disease. Recommendations by an international task force 76 to include newly recognized imaging features of NMO, such as periependymal brain lesions, emphasize the importance of MR imaging in the diagnostic work-up of patients with CNS inflammatory disease. Greater scrutiny of brain MR imaging in patients with NMO has revealed an expanding array of lesion subtypes with which the neuroradiologist must become familiar. The integration of imaging with clinical and laboratory data in individual patients facilitates rapid differentiation of NMO/NMO spectrum disorder from MS. This distinction has critical therapeutic implications: NMO does not respond to traditional MS immunomodulatory therapy with ␤-interferon, which in some patients may even be deleterious. 13, 14 Similarly, severe exacerbations of NMO have been reported in patients treated with natalizumab, 5 an efficacious monoclonal antibody therapy for MS. Case series do suggest that NMO responds to immunosuppressive therapy and, in particular, to the B-cell-depleting anti-CD20 monoclonal antibody, rituximab. 77 Of relevance to the neuroradiologist, rituximab has been associated with progressive multifocal leukoencephalopathy in patients with systemic autoimmune disease, 78 and heightened vigilance for this complication in patients with NMO is paramount. Nonconventional brain imaging is beginning to offer new insights into the pathophysiology of NMO and further differentiates the condition from MS. The lack of focal cortical lesions as assessed by ultra-high-field MR imaging and double inversion recovery imaging is of particular interest; if confirmed, double inversion recovery sequences may be helpful in distinguishing NMO from MS in difficult clinical cases. Early DTI, MT imaging, and MR spectroscopy data indicate an absence of diffuse "degenerative" disease in the normal-appearing white and gray matter in NMO, consistent with the lack of a progressive phenotype in this condition, an important distinction from MS that may also have therapeutic repercussions.
Conventional and nonconventional neuroimaging investigations in NMO have accelerated in tandem with rapid developments in the understanding of NMO pathobiology during the past 5-10 years. These studies underscore the importance of neuroimaging in the diagnosis and monitoring of NMO and emphasize its role in directing the early commencement of targeted immunotherapy.
